The phenylurea herbicides are an important group of pesticides used extensively for pre-or post-emergence weed control in cotton, fruit and cereal crops worldwide. The detection of phenylurea herbicides and their metabolites in surface and ground waters has raised the awareness of the important role played by agricultural soils in determining water quality. The degradation of phenylurea herbicides following application to agricultural fields is predominantly microbial. However, evidence suggests a slow degradation of the phenyl ring, and substantial spatial heterogeneity in the distribution of active degradative populations, which is a key factor determining patterns of leaching losses from agricultural fields. This review summarises current knowledge on the microbial metabolism of isoproturon and related phenylurea herbicides in and below agricultural soils. It addresses topics such as microbial degradation of phenylurea herbicides in soil and subsurface environments, characteristics of known phenylurea-degrading soil micro-organisms, and similarities between metabolic pathways for different phenylurea herbicides. Finally, recent studies in which molecular and microbiological techniques have been used to provide insight into the in situ microbial metabolism of isoproturon within an agricultural field will be discussed.
Introduction
Since the discovery and marketing of phenylurea herbicides shortly after the Second World War, this group has grown to be one of the most important classes of herbicides used worldwide. The phenylurea herbicides are mostly used either pre-or post-emergence in cotton, fruit or cereal production. However, diuron (Table 1) is also used as a total herbicide in urban areas and as an algicide in antifouling paints. The majority of the currently available phenylurea herbicides are either N-methoxy-N-methyl-(e.g. linuron and chlorobromuron) or N,N-dimethylsubstituted (e.g. isoproturon and diuron) compounds. A selection of the most commonly used phenylurea herbicides is presented in Table 1 .
The phenylurea herbicides generally have relatively high water solubilities and low tendencies to sorb to soil, rendering them mobile in soil. Several phenylurea herbicides and their metabolites have been detected as contaminants of groundwater [1, 2] , rivers and streams [1, 3] , lakes [4, 5] and seawater [6] in di¡erent parts of the world. Phenylurea herbicides may enter the environment in several di¡erent ways, for example by point source contamination as a consequence of accidental spillage or from washing of spraying equipment. However, most of the herbicide load enters the environment as di¡use contamination following normal spraying practice (e.g. [7, 8] ). After introduction into agricultural soils, several processes a¡ect the vertical and horizontal distribution of the herbicides including transport by water £ow, sorption to soil components and various degradation processes. Degradation can involve biotic and abiotic processes, where microbially facilitated biodegradation is especially interesting, as it is a major process in the complete mineralisation of aromatic compounds to harmless inorganic products [9] . The natural attenuation rate of phenylurea herbicides, with respect to mineralisation of the phenyl structure to CO 2 , is either not detectable or very slow in samples from groundwater aquifers [10^12] . The degradation of phenylurea herbicides in plough layer soils is thus of major interest because most agricultural ¢elds function as recharge zones for aquifers, rivers and lakes, and thereby serve as biological ¢lters determining the degree to which the herbicides biodegrade before transport by water.
The herbicide isoproturon (IPU), used against annual grasses and broad-leaved weeds, is among the most extensively used pesticides in European cereal production. Approximately 3300 tonnes was applied on 3.0 million hectares of agricultural land in the UK in 1997, making IPU the most widely used organic pesticide in the UK [13] . Due to widespread and extensive usage, IPU has been detected as a contaminant of rivers, streams, lakes, marine waters and groundwater across Europe [2, 3, 5, 6, 14] . In the UK, IPU was the most frequently detected pesticide in surface waters in 2000, with 14% of the analysed samples exceeding 0.1 Wg l 31 [13] , the limit concentration for individual pesticides in surface and ground waters serving as drinking water set by the European Community Drinking Water Directive. IPU was furthermore among the seven most frequently encountered pesticides in a survey of both marine waters and groundwater in the UK in 2000 [13] .
In this review we summarise the current knowledge on the microbial metabolism of IPU and related phenylurea herbicides in and below agricultural soils. We consider topics such as the characteristics of known phenylureadegrading soil micro-organisms and similarities between metabolic pathways for di¡erent phenylurea herbicides. Finally, we focus on recent studies which have applied molecular and microbiological techniques to provide insights into the in situ microbial metabolism of IPU within a British agricultural ¢eld.
Major degradation processes for phenylurea herbicides in agricultural soils
The phenylurea herbicides presented in Table 1 are stable to chemical degradation in aqueous solution under Table 1 Molecular structure of common phenylurea herbicides. Compare to Fig. 1 for identi¢cation of known metabolites for each of the herbicides. I. II. and hydrolysis to aniline derivatives (step 3). Pathway II: Direct hydrolysis to the aniline derivatives (step 4). See Table 1 for identi¢cation of substituents A, B and D for each of the phenylurea herbicides and their metabolites.
moderate temperatures and within a pH range of 4^10 (e.g. [5, 15, 16] ), which suggests that chemical degradation is of minor importance in most agricultural soils. Studies have however shown that photochemical degradation may occur when the herbicides are exposed to sunlight (e.g. [5, 17] ). These photochemical processes lead to only partial degradation, creating products that may accumulate in the environment. Such an accumulation is not desirable, as evidence suggests that some of these degradation products (Fig. 1, steps 1^3 ) may be more hazardous to non-target organisms than is the herbicide itself [18^20]. Some of these products have additionally been shown to persist and contribute to contamination of surface and ground water [1, 4, 10, 21] . A study examining the ecotoxicity of IPU and three of its metabolites created by both photochemical and microbial processes (Fig. 2, steps 1^3 ) revealed a 50% reduction in methanogenesis in pond sediment following exposure to metabolite concentrations ranging from 400 to 550 Wg l 31 [18] . In contrast, below 10% reduction was observed with the highest IPU concentration of 6250 Wg l 31 . Similar increases in the toxicity following initial degradation of diuron, chlorotoluron and IPU have been reported with toxicity assays towards bacteria and ciliated protozoan populations [19, 20] .
Although photochemical processes could be involved in the degradation of phenylurea herbicides on soil or plant surfaces, evidence suggests that the degradation in agricultural soils occurs predominantly through the activities of soil micro-organisms, as shown for IPU [22] , diuron [23] , £uometuron [24] , linuron, chlorobromuron and metobromuron [25, 26] . Besides being the major mechanism for degradation of phenylurea herbicides in soils, microbiological processes also constitute the ultimate steps in the mineralisation of the phenyl ring, as herbicide metabolites may enter the general microbial metabolism leading to production of CO 2 and biomass (e.g. [27^29]).
3. Microbial attenuation of phenylurea herbicides in soil and subsurface environments 3.1. Degradation of phenylurea herbicides in the soil environment^¢eld studies A ¢eld experiment in the UK by Gooddy et al. [8] revealed high concentrations of diuron and some of its known metabolites under the plough layer of a calcareous soil following normal ¢eld treatment in a monitoring programme lasting for 50 days. Diuron was detected in porewater from depths of 9^54 cm in concentrations greater than 1 Wg l 31 in 97% of the measurements made. Three metabolites known from initial degradation of diuron (Fig. 1, steps 1^3 ) were also detected in soil and porewater with concentrations exceeding 1 Wg l 31 throughout the entire monitoring period [8] . Another recent ¢eld study in the UK demonstrated that after normal agricultural practice, IPU and chlorotoluron may persist in soil and that leaching to the underlying aquifer may occur for at least 3 years after ¢eld treatment [7] . Occurrence of metabolites was not monitored in this study. Schuelein et al. [21] detected IPU and a range of di¡erent metabolites in soil, porewater, drainage pipes and in a nearby creek following treatment of a German agricultural ¢eld with IPU. This study reported a rapid leaching and surface runo¡ of IPU and its metabolites concomitant with a heavy precipitation event 14 days after ¢eld application.
Taken together the ¢eld studies indicate a slow natural degradation rate of the three herbicides diuron, IPU and chlorotoluron following agricultural ¢eld treatments resulting in leaching losses after subsequent rain events. However, ¢eld experiments alone are inadequate for detailed studies of microbial degradation processes and for clarifying the mechanisms underlying the potential for microbial attenuation of phenylurea herbicides in soil and subsurface environments.
Microbial degradation and bioavailability of phenylurea herbicides in agricultural soils
Several laboratory studies have indicated a slow natural biodegradation rate of phenylurea herbicides in various soils and subsurface environments (e.g. [10,24,28,30^32] [29, 36, 37] , suggesting an in situ microbial adaptation to IPU metabolism following repeated application at the same ¢eld. There is a limited amount of information on the degradation of the phenyl ring of other phenylurea herbicides, but generally it seems that the halogenated compounds, e.g. diuron, linuron and £uometuron, are very slowly mineralised in agricultural soils [24, 31, 32] . Zablotowicz et al. [32] reported a mineralisation of 14 C-phenyl-labelled £uometuron to 14 CO 2 of less than 3% in agricultural soils over 25 days of incubation at 28 ‡C. Berger [31] compared the mineralisation of di¡erent 14 C-phenyllabelled phenylurea herbicides, including linuron, metobromuron, chlorotoluron and IPU, in three arable soils but found no production of 14 CO 2 within 56 days at 20 ‡C or 30 ‡C.
Large fractions of 14 C-labelled residues not extractable by various organic solvents have been observed following treatment of soil with 14 C-IPU or other 14 C-labelled phenylurea herbicides in numerous laboratory studies. Between 25 and 75% of the initially applied 14 C-IPU can be converted to non-extractable residues following 2^3 months of incubation [30,33^36,38] . It has been suggested that the metabolite 4-isopropyl-aniline (4IA) produced by partial degradation of IPU (Fig. 2 , steps 3^5) may be irreversibly bound to components of the soil organic matter [35] . This binding signi¢cantly decreases the mineralisation of the phenyl structure in soil systems [35, 39] , due to the lower availability of 4IA to degrading soil microorganisms [40] . Detection of large fractions of non-extractable 14 C-labelled residues following soil treatment with other 14 C-ring-labelled phenylurea herbicides has also been reported (e.g. [32] ). The similarities between the metabolic pathways for phenylurea herbicides, as outlined in Fig. 1 , suggest that these observations could also be related to the binding of aniline metabolites to soil components. The possible mechanisms involved in the binding of aniline compounds to soil components have been reviewed by Parris [41] . In contrast to the aniline metabolites, the phenylurea herbicides themselves sorb to a lesser extent (e.g. [40] ), and it seems unlikely that the initial degradation of these compounds should be limited by sorption in agricultural soils shortly after ¢eld application. However, prolonged contact times between the herbicide and soil components may increase the fraction unavailable for microorganisms [40, 42] , and this might reduce the microbial metabolism of phenylurea herbicides with ageing of residues in the soil environment. This ageing phenomenon in soil is not fully understood. Suggested mechanisms include di¡usion of pesticide into organic matter matrices or micropores where it is less accessible to potential degrading micro-organisms [40, 42] .
Biodegradation of phenylurea herbicides in the subsurface environment
Despite the frequent detection of phenylurea herbicides in groundwater, studies on the fate of these compounds in subsurface environments are scarce. The potential for biodegradation of IPU decreases below the plough layer [10^12], and no reports of signi¢cant mineralisation of the phenyl structure of IPU, or of any other phenylurea herbicides, in samples from subsurface environments have so far been presented. Johnson et al. [43] observed a potential for partial biodegradation of IPU resulting in accumulation of the metabolite N-(4-isopropylphenyl)-NPmethylurea (MDIPU) (Fig. 2 , step 1) in samples from a chalk aquifer, but no further degradation was detected. Occurrence of polar metabolites was not monitored in this study, and the activity of alternative metabolic path-
2.
3.
5.
6.
7.
8.
9.

10.
11.
12.
13.
[4,4-diisopropyl-azobenzene]
14.
15.
4.
[ ways involving hydroxylation (Fig. 2, steps 6^8 ) can therefore not be excluded.
Many groundwater aquifers have anoxic zones with metabolic activity based on electron acceptors other than oxygen. The potential biodegradation of phenylurea herbicides under anoxic conditions is largely unknown. Larsen et al. [11] found no mineralisation of IPU anaerobically in the presence of nitrate in microcosm experiments with a sandy aquifer sediment. A later study failed to detect any mineralisation of IPU in di¡erent aquifer sediments under denitrifying, sulfate-reducing or methanogenic conditions following incubation for 312 days at 10 ‡C [44] . Detection of metabolites from partial degradation of IPU was not included in these studies. Previous studies with di¡erent phenylurea herbicides including diuron and fenuron (Table 1) revealed a potential for reductive dehalogenation of diuron in anoxic pond sediments [45] . No degradation of fenuron was observed under anoxic conditions. However, it remains unknown if a potential for partial degradation of phenylurea herbicides exists in anoxic subsurface environments.
The lack of extensive phenylurea degradation in samples obtained below the plough layer could be related to several parameters, such as unfavourable growth conditions for indigenous microbial degraders, or alternatively the lack of competent degradative microbial populations. However, factors determining the presence of active phenylurea-metabolising populations in subsurface environments still remain to be clari¢ed. The long residence times of pesticides in groundwater may suggest that even very slow degradation rates could be of importance in determining future drinking water quality.
Phenylurea-degrading soil micro-organisms
Characterisation of de¢ned microbial consortia able to degrade phenylurea herbicides
The detection of IPU and other phenylurea herbicides as water contaminants and the apparent low microbial degradation potential in soil and subsurface environments have stimulated studies aimed at characterising natural microbial populations able to metabolise these compounds. Enrichment-culture techniques have been used with varied success in attempts to enrich and isolate phenylurea-degrading micro-organisms. In several studies, slurries of mineral media and agricultural soils failed to extensively degrade IPU [28, 31, 34] . Lehr et al. [34] used two enrichment strategies involving inoculation of four di¡erent agricultural soils into a de¢ned mineral medium with IPU as sole carbon source, or with IPU and glucose as an alternative carbon source. No extensive degradation of IPU was observed in any of the cultures, indicating a lack of enrichment during this procedure. Trace amounts of the metabolites MDIPU, N-(4-isopropylphenyl)urea (DDIPU), N-(4-(2-hydroxy-1-methylethyl)phenyl)-NP,NPdimethylurea (1-OH-IPU) and N-(4-(1-hydroxy-1-methylethyl)phenyl)-NP,NP-dimethylurea (2-OH-IPU) (Fig. 2) were detected in the culture media [34] . Berger [31] attempted to enrich micro-organisms from two agricultural soils using 10 di¡erent phenylurea herbicides individually, including IPU, diuron, monuron, chlorotoluron, fenuron, metobromuron, chlorobromuron and linuron as sole source of carbon and nitrogen, but these attempts were also unsuccessful. SÖrensen and Aamand [28] enriched a mixed bacterial culture growing on the IPU metabolites MDIPU and 4IA as sole carbon sources, whereas no enrichment cultures were obtained from the same agricultural soil with IPU as the sole carbon source. The lack of success in obtaining enrichment cultures with phenylurea herbicides in these studies could be related to the soils used, which in many cases were agricultural soils without previous exposure to the herbicides. The phenylurea-degrading enrichment cultures presented in the literature so far are all derived from soils previously treated with phenylurea herbicides.
Several bacterial and fungal isolates from a variety of soils have been shown to degrade the N-methoxy-N-methylurea or N,N-dimethylurea side chains of many phenylurea herbicides [15,19,23,31,46^50] . Nevertheless, until recently there were no reports of de¢ned mixed cultures or micro-organisms in pure culture able to metabolise the phenyl structure. It has been suggested that the lack of success in isolating pure cultures of phenylurea-mineralising bacteria could be related to the involvement of consortia in the degradation processes leading to the mineralisation [26] . This may explain why many studies have been unsuccessful in isolating phenylurea-degrading bacteria from mixed cultures readily performing growth-linked mineralisation of phenylurea compounds [25, 28] .
Recent studies have indicated that co-operative metabolic activities may be involved in the degradation of IPU [51] , linuron and metobromuron [26, 52] by bacterial consortia derived from previously treated soils. A bacterial consortium degrading linuron and metobromuron when provided as the only carbon and nitrogen sources was enriched and characterised by El-Fantroussi [26] . A consortial degradation involving cross-feeding with aniline metabolites (3,4-dichloroaniline or 4-bromoaniline) between di¡erent bacteria was strongly indicated by pro¢ling the mixed bacterial culture using denaturing gradient gel electrophoresis (DGGE) of polymerase chain reaction (PCR)-ampli¢ed 16S rRNA genes. Sequencing of DGGE bands appearing during di¡erent steps in the degradation revealed proliferation of a strain resembling Variovorax sp. during metabolism of the aniline metabolites, but attempts to isolate pure cultures able to degrade the herbicides or the aniline derivatives were unsuccessful. Later, Dejonghe et al. [52] isolated three bacteria from the consortium, identi¢ed as Variovorax paradoxus, Delftia acidovorans and Pseudomonas sp. respectively, which degraded the herbicides when combined, but no details were provided on the role of each member in the consortium. SÖrensen et al. [51] described a co-culture performing rapid and extensive growth-linked mineralisation of IPU when provided as the sole carbon and nitrogen source. The co-culture consisted of a Sphingomonas sp. (designated strain SRS2) and an unknown soil bacterium (designated strain SRS1) both enriched and isolated from a British agricultural soil. Sphingomonas sp. SRS2 was the IPU-mineralising member [29] and it was hypothesised that strain SRS1 provided amino acids to Sphingomonas sp. SRS2 and in return grew on cell debris or unknown metabolites without any direct involvement in the metabolism of IPU [51] .
Pure cultures of phenylurea-degrading micro-organisms
Several bacterial strains able to partially degrade various phenylurea herbicides have been isolated from soil [46, 49, 50, 53] . One linuron-degrading isolate was identi¢ed as a Bacillus sphaericus strain [46] and two diuron-degrading strains as Arthrobacter sp., both closely related to Arthrobacter globiformis [50, 53] . Roberts et al. [49] screened 36 bacteria isolated from the Deep Slade agricultural ¢eld (see Section 6). All were apparently able to degrade IPU. The strains formed 16 distinct phenotypes, with one group of isolates identi¢ed as Pseudomonas £uorescens. Later studies have however shown that each of these cultures harboured one common additional strain and that it was this component which performed the actual metabolism of IPU. This strain was subsequently identi¢ed as a member of the genus Sphingomonas [27] . These co-cultures greatly resemble the co-culture described by SÖrensen et al. [51] , where the mineralisation of IPU is performed by a Sphingomonas sp. supported by a secondary strain not having any direct involvement in the metabolism.
Sphingomonas sp. strain SRS2, which has recently been isolated from the Deep Slade ¢eld [29] , is the ¢rst described bacterium able to mineralise the phenyl structure of a phenylurea herbicide. When 14 C-IPU is provided as the sole source of nitrogen and carbon SRS2 is able to metabolise the compound to 14 CO 2 and biomass. Subsequently a second IPU-mineralising bacterium (designated strain F35) was isolated from the Deep Slade agricultural soil [27] . Strain F35 has been identi¢ed as a Sphingomonas sp. greatly resembling strain SRS2 phylogenetically and in regard to its metabolism of IPU [27] .
Several soil fungi are able to degrade the N-methoxy-Nmethyl-and N,N-dimethyl side chains of di¡erent phenylurea herbicides including IPU, diuron, linuron, monuron, metobromuron and chlorotoluron (e.g. [19, 31, 47, 48] ), however no fungal mineralisation of the phenyl ring has so far been reported. The fungi able to partly degrade phenylurea herbicides cover a broad range of di¡erent species including Cunninghamella elegans, Mortierella isabellina [19] , Talaromyces wortmanii [47] , Rhizopus japonicus, Rhizoctonia solani and Aspergillus niger [31] . Some of the metabolites created by fungal degradation are more easily metabolised by soil bacteria than are the herbicides, and the possibility for a consortial mineralisation involving both fungal and bacterial activity has been suggested [28] . The role of interactions between bacteria and fungi in the in situ degradation of phenylurea herbicides remains to be elucidated.
Metabolic pathways for phenylurea herbicide biodegradation
General pathways for the metabolism of N-methoxy-N-methyl-and N,N-dimethyl-substituted phenylurea herbicides
The metabolic pathways involved in the degradation of di¡erent phenylurea herbicides have great similarities, generally involving successive N-demethylation of the N,Ndimethylurea-substituted compounds, and N-demethylation and N-demethoxylation of the N-methoxy-N-methylsubstituted compounds (e.g. [1,24,31,47,54^57] ). Following these stepwise N-dealkylations, the metabolites are hydrolysed to aniline-based metabolites [24, 54, 56] that subsequently may be further degraded [26, 29] . Two A. globiformis strains (designated D47 and N2) and one B. sphaericus strain (ATCC 12123) isolated from soils are however capable of performing a direct hydrolysis of a broad range of phenylurea herbicides to their aniline derivatives [20, 58, 59] (Fig. 1, pathway II, step 4) thereby by-passing steps 1^3 presented in Fig. 1, pathway I .
Degradation beyond the aniline-based metabolites is not well-known for phenylurea herbicides. However, as aniline-based compounds reach the environment from many other sources, including paints, dyes, plastics and pharmaceutical products, the metabolism of a broad range of similar compounds by de¢ned micro-organisms and in different environmental samples has been intensively studied (e.g. [41, 60] ). Generally aniline compounds are relatively easily degraded by micro-organisms, however various substitutions to the ring structure, e.g. halogen or nitro groups, may prevent or delay complete mineralisation. The general metabolic pathway for metabolism of aniline involves oxidative deamination to give catechol, which may be further degraded by di¡erent ring cleavage pathways [41, 60] . Under anoxic conditions other processes such as reductive deamination or dehalogenation may initiate the degradation of aniline metabolites (e.g. [61] ). Aniline compounds may also undergo spontaneous chemical reactions to form various polymerisation products [35, 41] . A recent study has shown that 4IA may react with the humic monomer catechol forming a trimer product identi¢ed as a disubstituted ortho-quinone [35] (Fig. 2, step  14) . Another study has shown that 4,4-diisopropylazobenzene, formed from polymerisation of 4IA, may accumulate in soils during IPU degradation [30, 62] (Fig. 2, step 15) . Occurrence of quinone and azo compounds has also been reported during degradation of chlortoluron [57] , and it seems likely that similar compounds will be produced by the reactions of other phenylurea-derived aniline metabolites in the soil environment. These polymerisation products probably represent dead-end metabolites, as they have low biodegradability in di¡erent soil environments [35, 62] .
Initial degradation steps involved in the metabolism of IPU in soils and by isolated micro-organisms
The metabolism of IPU can be initiated by N-demethylation of the N,N-dimethylurea side chain, leading to the metabolite MDIPU (Fig. 2, step 1) . MDIPU has in numerous laboratory and ¢eld studies been reported to be the metabolite occurring in the highest concentration following IPU treatment of agricultural soils [21, 22, 30, 31, 34, 38, 62, 63] . MDIPU is also the main metabolite occurring during metabolism of IPU by pure cultures of soil fungi and bacteria [29, 31, 49] . Two alternative metabolic pathways involving initial hydroxylation of the isopropyl side chain, resulting in 1-OH-IPU or 2-OH-IPU (Fig. 2 , steps 6 and 7), have also been described in mixed bacterial cultures and in agricultural soils [21, 34] . 1-OH-IPU has only been measured in bacterial cultures derived from soil, but no e¡ort was made to characterise the degradation mechanism or the organisms involved [34] . 1-OH-IPU has been reported as a dead-end metabolite without any further degradation, however its environmental importance remains to be clari¢ed, as this compound has only been detected in mixed bacterial cultures in a single study [34] . Detection of both MDIPU and 2-OH-IPU in soil porewater and surface runo¡ following IPU treatment of an agricultural ¢eld shows that both pathways can be active in situ [21] . Low concentrations of the metabolites DDIPU and 4IA have been detected in IPU-treated agricultural soils [28, 34, 63] and during the mineralisation of IPU by Sphingomonas sp. strain SRS2 [29] . A variety of other hydroxylated metabolites (Fig. 2, steps 8^13 ) have been detected during degradation of IPU in di¡erent soils [21, 30, 34, 63] , but a limited amount of information is available on these hydroxylated compounds, and no micro-organism producing these has so far been isolated and studied in pure culture.
The metabolic pathway proposed for the mineralisation of IPU by Sphingomonas sp. strain SRS2 (Section 4.2) involves successive N-demethylations of IPU to MDIPU and DDIPU, followed by cleavage of the urea side chain to 4IA (Fig. 2, steps 1^3) . 4IA is eventually metabolised to CO 2 and biomass [29] . Previously a mixed bacterial culture able to mineralise MDIPU and 4IA, but not able to degrade IPU or DDIPU, was enriched from a Danish agricultural soil [28] . A metabolic pathway involving cleavage of the methylurea group of MDIPU directly to 4IA (Fig.  2, step 5) , di¡ering from the N-demethylation to DDIPU performed by Sphingomonas sp. strain SRS2, may thus be active in the mixed bacterial culture. A. globiformis strain D47, which is able to degrade the phenylurea herbicides diuron, linuron, monolinuron, metoxuron and IPU directly to their respective aniline derivatives (Fig. 2, step  4) , has been isolated from the Deep Slade agricultural ¢eld [23, 53] . A. globiformis D47 transformed IPU by a single step involving hydrolytic cleavage of the N,N-dimethylurea side chain to 4IA [59] . A. globiformis strain N2, apparently performing a similar one-step degradation of IPU, diuron and chlorotoluron to their respective aniline metabolites, has recently been isolated from a French garden soil that had been treated for several years with diuron [20, 50] . However, none of these strains degraded the phenylurea-derived aniline metabolites produced.
Genes and enzymes involved in bacterial phenylurea metabolism
As only a few micro-organisms able to metabolise phenylurea herbicides have been isolated at present, knowledge of the catabolic genes and enzymes involved in phenylurea degradation is lacking. Some studies with phenylurea-degrading bacteria indicate enzymatic speci¢c-ity related to N-methoxy-N-methyl-substituted phenylurea herbicides such as linuron and metobromuron [26, 58] . An aryl acylamidase hydrolysing certain phenylurea compounds to their aniline derivatives (Fig. 1, step 4) puri¢ed from B. sphaericus strain ATCC 12123 had speci¢city related to N-methoxy-N-methyl-substituted phenylurea herbicides, but no activity towards N,N-dimethyl-substituted phenylurea herbicides such as diuron, monuron and £uo-meturon [45, 58] . El-Fantroussi [26] found a similar speci¢city for degradation of N-methoxy-N-methyl-substituted herbicides in a recent study of a bacterial consortium enriched from agricultural soil. In contrast to B. sphaericus ATCC 12123, further degradation of the aniline metabolites was observed with the consortium, thus suggesting mineralisation of the N-methoxy-N-methyl-substituted herbicides. Sphingomonas sp. SRS2 apparently has a speci¢city for N,N-dimethylurea-substituted phenylurea herbicides such as IPU, diuron and chlorotoluron, but with no degradation activity towards the N-methoxy-N-methylsubstituted linuron [29] . The enzymes involved in the metabolism of the N,N-dimethyl-substituted phenylurea herbicides by Sphingomonas sp. SRS2 are presently not studied in detail.
In comparison to the aryl acylamidase from B. sphaericus ATCC 12123, the hydrolase enzyme involved in the cleavage of phenylurea herbicides to their aniline metabolites by A. globiformis D47 (Section 5.2) has a much broader substrate speci¢city. The A. globiformis D47 phenylurea hydrolase degrades both N-methoxy-N-methyland N,N-dimethyl-substituted phenylurea herbicides [53, 59] . Recent studies have revealed that the gene encoding the phenylurea hydrolase, designated gene puhA, is plas-mid-associated in A. globiformis D47 [59] . Gene puhA is currently the only known gene shown to be associated with bacterial phenylurea metabolism.
Biodegradation of IPU within the Deep Slade agricultural ¢eld
Recent studies at Deep Slade agricultural ¢eld at HRIWellesbourne, Warwickshire, UK have provided new understanding of processes underlying spatial variability in the adaptation of microbial communities to metabolise phenylurea herbicides (e.g. [22, 23, 27, 29, 36, 49, 59] ). The Deep Slade ¢eld is a research site that has been treated with IPU regularly for over 20 years. An initial study reporting accelerated biodegradation of IPU in agricultural soils following successive treatments included soil from the Deep Slade ¢eld, along with soils from nine other agricultural ¢elds [22] . This study revealed that IPU was biodegraded unusually rapidly in the Deep Slade soil, which stimulated further studies into the underlying microbial processes.
In-¢eld spatial heterogeneity in the biodegradation of IPU
Studies have shown that the potential for biodegradation of IPU is unevenly distributed across agricultural ¢elds [36,64^66] . Beck et al. [64] found considerable spatial heterogeneity in the dissipation rate of IPU in a ¢eld experiment with clay soils. The time required for 50% reduction in the IPU concentration ranged from 31 to 483 days in 25 di¡erent sampling areas, each 1 m 2 , within an agricultural plot of 40U28 m. Walker et al. [65] reported a substantial spatial variability in the degradation rate of IPU within the Deep Slade ¢eld by comparing 30 di¡erent locations, each 500 g, from a grid area of 200U250 m. Deep Slade ¢eld possessed sandy loam with apparently uniform soil characteristics [65] . However, shorter IPU half-lives were positively correlated with increasing soil pH (ranging from 6.1 to 7.6) and soil microbial biomass [65] . Further studies by Bending et al. [36] focussed on areas within Deep Slade ¢eld with known contrasting IPU degradation rates. Fast degradation of IPU was associated with rapid mineralisation of 14 C-IPU to 14 CO 2 and with incorporation of a higher amount of 14 C into microbial biomass compared to the slowly degrading soils [36] . All soils harboured IPU-metabolising microorganisms prior to IPU application, but only the soils with fast degradation were associated with a proliferation of degrading organisms during IPU metabolism [27, 36] .
A signi¢cant negative relationship between soil pH (6.17 .5) and the degradation rate of IPU, similar to the one presented from the Deep Slade studies, was recently reported within another British agricultural ¢eld [66] . This study also revealed an in-¢eld spatial heterogeneity in the distribution of IPU and chlorotoluron degradation potential comparable to the previous reports based on the Deep Slade studies. These similarities may suggest that the in¢eld degradation patterns reported from Deep Slade may be relevant for a broader range of agricultural ¢elds, and that the microbial degradation potential towards phenylurea herbicides can be linked with key soil parameters related to pH.
6.2. Linking pure culture studies with in-¢eld spatial variability in the biodegradation of IPU Several of the phenylurea-degrading bacteria presented so far (Section 4.2) have been enriched and isolated from the Deep Slade soil [23, 27, 29, 49] . There is a general lack of knowledge on the role of degradative isolates in in situ degradation of xenobiotics in soils. However, studies involving Deep Slade ¢eld have provided new insights into the distribution and activities of phenylurea-degrading micro-organisms in situ.
Bending et al. [27] used DGGE analysis of PCR-ampli¢ed 16S rRNA genes from soil-extracted DNA to study bacterial community dynamics during IPU degradation in soil from Deep Slade ¢eld. In the soils showing rapid IPU degradation, proliferation of speci¢c IPU-metabolising populations was indicated by most-probable-number analysis and by the appearance of two DGGE bands during IPU degradation. Sequencing and alignment revealed that one of the DGGE bands had a 100% similarity with the partial 16S rRNA gene sequence of IPU-metabolising Sphingomonas sp. strain SRS2 (Section 4.2) in a 130-bp overlap. This indicates that strain SRS2, or closely related Sphingomonas strains, is involved in the fast degradation of IPU observed in soils from the Deep Slade ¢eld. Sequence analysis of the second DGGE band suggested that this represents an unknown Sphingomonas sp. [27] . Another IPU-metabolising Sphingomonas sp. (strain F35; Section 4.1) has recently been isolated from the Deep Slade soil [27] , but none of the known phenylurea-degrading strains has so far been assigned to the second DGGE band. In the soils with slow degradation of IPU, no consistent changes in the DGGE banding pro¢les were observed [27] .
In pure culture the speci¢c mineralisation rate of 14 C-IPU to 14 CO 2 by strains SRS2 and F35 is a¡ected by the pH of the liquid medium, with signi¢cantly faster rates at increasing pH in the range 6.5^7.5 [27] . Similar results were obtained in inoculation experiments when strain SRS2 was introduced into two agricultural soils having a natural pH of 6.5 and 7.5, respectively. Collectively these results suggest that the bacteria involved in the IPU degradation across the Deep Slade ¢eld are a¡ected by the spatial heterogeneity in the soil pH, which thereby determines the in situ degradation rate of IPU, and its susceptibility to leaching losses to groundwater.
Summary and conclusions
Studies on the environmental fate of phenylurea herbicides have attracted increasing attention in recent years due to rising concern about the impact of water contamination on environmental and public health. The degradation of phenylurea herbicides following application to agricultural ¢elds is predominantly microbial, and evidence suggests that surface soils act as reactive microbial barriers determining the amounts and types of herbicide residues transported from the soil by water movement. This active biodegradation zone may be the only protection against contamination of groundwater with phenylurea herbicides and their metabolites, as recent research implies that the potential for degradation decreases signi¢-cantly below the surface soil, and so far no evidence for extensive biodegradation in subsurface environments has been presented. This review has provided an overview of the current knowledge on the microbial processes determining the extent and rate of degradation of phenylurea herbicides in agricultural soils.
Recent studies suggest that enhanced biodegradation of IPU in agricultural soils may develop with successive ¢eld treatments. However, considerable in-¢eld spatial heterogeneity in the distribution of the IPU-metabolising community can still exist. Detailed studies including culturedependent and molecular approaches with soils from the Deep Slade ¢eld have provided understanding of the microbial mechanisms underlying this spatial variability. Areas showing rapid degradation of IPU had relatively high pH and IPU degradation was associated with proliferation of a small group of closely related IPU-degrading Sphingomonas spp. Areas with slow IPU biodegradation had relatively low pH and either slow or no proliferation of IPU-degrading micro-organisms. This pattern was successfully linked to pure culture studies with isolated IPUdegrading Sphingomonas spp. strains. These results suggest that even within agricultural ¢elds which have received extensive applications of phenylurea herbicides, and in which there has been adaptation of phenylurea-metabolising micro-organisms, areas with unfavourable growth conditions exist. This has implications for the patterns of leaching of herbicide residues to underlying groundwater aquifers.
Substantial in-¢eld heterogeneity in degradation potential may only occur for recalcitrant herbicides such as phenylureas and triazines, where the ability to degrade the compounds most likely is restricted to small groups of micro-organisms. In contrast, more easily biodegradable pesticides that a broad range of micro-organisms are able to metabolise such as the phenoxyalkanoic acid herbicides and the carbamate insecticides, will probably result in a more even in-¢eld distribution of the degradation potential.
It remains to be elucidated whether the correlation between soil pH, presence of speci¢c Sphingomonas spp. strains and IPU degradation is relevant for other IPUtreated agricultural ¢elds. Isolation and characterisation of more phenylurea-degrading micro-organisms from agricultural soils covering a broader range of geographical areas may shed some light on the identity, distribution and degree of divergence among degrading soil micro-organisms and eventually catabolic genes and enzymes.
